Purpose To assess the 5-year progression from unilateral to bilateral age-related macular degeneration (AMD) and associated risk factors. Design Pooled data analyses of three prospective population-based cohorts, the Blue Mountains Eye Study, Beaver Dam Eye Study and Rotterdam Study. Methods Retinal photography and interview with comprehensive questionnaires were conducted at each visit of three studies. AMD was assessed following the modified Wisconsin AMD grading protocol. Progression to bilateral any (early and late) or late AMD was assessed among participants with unilateral involvement only. Factors associated with the progression were assessed using logistic regression models while simultaneously adjusting for other significant risk factors. Results In any 5-year duration, 19-28% of unilateral any AMD cases became bilateral and 27-68% of unilateral late AMD became bilateral. Factors associated with the progression to bilateral involvement of any AMD were age ( per year increase, adjusted OR 1.07), carrying risk alleles of the complement factor H and agerelated maculopathy susceptibility 2 genes (compared with none, OR 1.76 for 1 risk allele and OR 3.34 for 2+ risk alleles), smoking (compared with non-smokers, OR 1.64 for past and OR 1.67 for current smokers), and the presence of large drusen area or retinal pigmentary abnormalities in the first eye. Conclusion One in four to one in five unilateral any AMD cases, and up to one in two unilateral late AMD cases, progressed to bilateral in 5 years. Known AMD risk factors, including smoking, are significantly associated with the progression to bilateral involvement.
INTRODUCTION
Age-related macular degeneration (AMD) is a leading cause of blindness in western populations. 1 While the presence of AMD in one eye can be debilitating, vision loss and blindness in both eyes due to bilateral AMD will have severe consequences for the affected individuals. 2 3 Previous studies report the development of late AMD in the second eye to be 20-50% over 5-10 years. [4] [5] [6] [7] [8] [9] However, the progression from unilateral early AMD to bilateral early or any (early and late) AMD, 10 and its associated risk factors has been less well described.
We aimed to report the 5-year progression of unilateral AMD cases to bilateral involvement in three population-based cohorts, the Three Continent AMD Consortium (3CC). We also aimed to investigate this progression in relation to risk factors and early AMD lesion characteristics.
METHODS
Among the 3CC, we included non-Hispanic white, population-based cohort studies conducted in Australia, the USA and the Netherlands. 11 12 Written informed consent was obtained from each participant at each visit, in all three studies. All studies adhered to the tenets of the Declaration of Helsinki.
Blue Mountains Eye Study
The Blue Mountains Eye Study (BMES) recruited 3654 participants (82.4% of those eligible) aged ≥49 years living in two postcode regions west of Sydney between 1992 and 1994. 13 Of these participants, 2334, 1952 and 1149 were re-examined after 5, 10 and 15 years, respectively. Examinations were approved by the University of Sydney and the Sydney West Area Health Service Human Research Ethics Committees.
Beaver Dam Eye Study
The Beaver Dam Eye Study (BDES), conducted in Beaver Dam, Wisconsin, examined 4926 participants (83.2% of those eligible) aged 43-86 years from 1988 to 1990.
14 Of these participants, 3721, 2962, 2375 and 1913 were re-examined after 5, 10, 15 and 20 years, respectively. The University of Wisconsin-Madison approved all study visits in conformity with federal and state laws and compliance with the Health Insurance Portability and Accountability Act.
Rotterdam study (RS)
At baseline (1990) (1991) (1992) (1993) , the RS examined 7983 participants (77.7% participation rate) aged 55+ years, of whom 6419 had ophthalmic examinations and retinal photography performed. 15 Of 6419 participants, 4977, 3637 and 2674 were re-examined at the second (1993) (1994) (1995) , third (1997) (1998) (1999) ) and fourth (2002) (2003) (2004) ) visits, respectively. The mean follow-up period was 10 years. Only data from the first, third and fourth visits were used. Examinations were approved by the Medical Ethics Committee of the Erasmus Medical Centre and the Ministry of Health, Welfare and Sport of the Netherlands, implementing the Wet Bevolkingsonderzoek: ERGO (Population Studies Act: Rotterdam Study).
Retinal photography
Mydriatic stereoscopic colour fundus photographs were taken at each study visit. Zeiss fundus cameras (Carl Zeiss, Oberkochen, Germany) were used in the first three visits of BMES (FF3) and all visits of BDES (FF4), and 30°stereoscopic colour fundus photographs of the macula and optic disc, and non-stereoscopic photographs of the other retinal fields of both eyes were taken in both studies. Topcon TRV-50VT fundus camera (Topcon Optical Co, Tokyo, Japan) was used in the RS during the first visits, and 35°stereoscopic colour fundus photographs of the macular were taken. In the fourth visit, the BMES used a Canon CF-60 DSi with DS Mark II body (Canon, Tokyo, Japan) to take 40°digital photographs; and the RS used a Topcon TRC 50EX fundus camera with Sony DXC-950P digital camera (Topcon Optical Co) to take 35°digital photographs.
Photographic grading and definitions of AMD
Retinal photographs of both eyes were initially graded by trained graders of each study following the Wisconsin Age-related Maculopathy Grading System (WARMGS). 16 All late AMD incident cases detected from each study were adjudicated and confirmed by the retinal specialists of each study team initially, then cross-checked among chief investigators of the three cohorts.
17
A 5-step severity scale for AMD, developed after phenotype harmonisation 11 was used to define AMD severity stage. Levels 10, 20, 30, 40 and 50 corresponded to normal, mild early, moderate early, severe early and late AMD (see online supplementary appendix). We grouped levels 20-40 as early AMD. Unilateral any AMD was defined if either early or late AMD were present in one eye only. Unilateral late AMD was defined as late AMD presence in one eye with no late AMD in the fellow eye (regardless of presence of early AMD). Bilateral any and late AMD were defined as presence of any and late AMD in both eyes, respectively. Progression was defined as the transition from unilateral any or late AMD to bilateral.
Total drusen area, measured as a proportion of the WARMGS grid, and the presence of retinal pigment epithelium (RPE) abnormalities were assessed at first detection of unilateral AMD, as prognostic factors for bilateral involvement. Methods used to calculate total drusen area differed across studies thus we derived quintiles of drusen area within each study to obtain comparable measures. Drusen area was categorised as small, intermediate or large, representing participants who had the lowest 20%, the middle 60% and the highest 20% of drusen area in each population accordingly.
Assessment of risk factors
Smoking status was assessed using interviewer-administered questionnaires. In the BMES, participants were classified as 'non-smokers' if they answered 'no' to smoking regularly, 'past smokers' if they quit smoking >1 year prior to the examination and 'current smokers' if they currently smoked or stopped smoking <1 year before the examination. In the BDES, participants were classified as 'non-smokers' if they had smoked fewer than 100 cigarettes in their lifetime, 'past smokers' if they smoked ≥100 cigarettes but had stopped smoking before the examination or 'current smokers' if they had not stopped smoking. 18 In the RS, smoking status was defined as never, past or current according to participants responses 'no', 'yes, stopped smoking' and 'yes, still smoking', respectively. 19 Mean systolic and diastolic blood pressures were taken from an average of two readings, except for BMES baseline visit, when one measure was taken. Serum total cholesterol levels, high density lipoprotein (HDL) levels and white blood cell count were measured at baseline from non-fasting blood samples in the BDES and RS and fasting blood samples in the BMES. 20 
Genotyping methods
We used two major AMD-associated genes to represent AMD genetic susceptibility, the complement factor H (CFH; OMIM 134370) and age-related maculopathy susceptibility 2 (ARMS2; OMIM 611313). Genotyping methods are described in the online supplementary appendix. 17 21 22 
Statistical analyses
All statistical analyses were performed using SAS V.9.3 (SAS Institute, Cary, North Carolina, USA).
Progression to bilateral AMD was assessed using discrete time survival analysis, focusing solely on the first 5-year interval since initial detection of unilateral cases. Participants were included at first detection of unilateral AMD and assessed for progression to bilateral involvement at the subsequent 5-year visit.
Progression rates were compared across categories of age, genetic risk levels (carrying 0, 1 or 2-4 risk alleles of the CFH and ARMS2 combined) and smoking status, by individual and pooled study samples, using Mantel-Haenzel χ 2 tests for linear trend.
Associations between progression to bilateral involvement and age, sex, smoking status, genetic risk, blood pressure, white blood cell count, total cholesterol and HDL cholesterol levels were assessed in age-adjusted and multivariable-adjusted logistic regression models. Age, drusen area and RPE abnormalities were time-dependent variables corresponding to the visit when unilateral AMD was first detected. All other co-variables were defined at baseline. Final models included age, sex, smoking status, total drusen area, presence of RPE abnormalities that remained statistically significant in the model. Indicators of study site were included in models using pooled-data. Association estimates are presented as adjusted ORs and 95% CIs.
We obtained a receiver operating characteristic (ROC) curve and area under the ROC curve (AUC) to assess how useful the final model might be in predicting progression to bilateral any AMD in 5 years. The AUC is a measure of discrimination and, here indicates the probability that a person with progression will have a higher predicted value in the model than a person without progression.
Due to limited numbers of cases, associations with progression to bilateral late AMD were examined using pooled-data only, and associations between early AMD lesion characteristics and progression to bilateral late AMD could not be assessed.
RESULTS
Participants with unilateral any or late AMD from the BMES, BDES and RS were included (ages 51+, 44+ and 55+ years, respectively). Among 1490 participants (BMES n=335, BDES n=625 and RS n=530) with unilateral any AMD detected at any visit, 94 (28%), 119 (19%) and 126 (24%) progressed to bilateral in the corresponding cohorts, respectively. Of 96 participants (BMES n=25, BDES n=51 and RS n=20) with unilateral late AMD, 17 (68%), 14 (27%) and 11 (55%) progressed to bilateral in the three cohorts respectively. Table 1 compares baseline characteristics between those who did and did not progress in the separate and pooled cohorts. Compared with participants who remained unilateral, those who progressed to bilateral were older, and more likely to have 2+ risk alleles from combined CFH and ARMS2 genes. Table 2 presents proportions of progression to bilateral any AMD by age, genetic risk and smoking status in separate and pooled populations. Progression was associated with increasing age and increased risk alleles of the CFH and ARMS2 genes. There was no significant crude association between smoking status and progression to bilateral any AMD. Table 3 presents factors associated with progression to bilateral any AMD by individual cohorts. After adjustment, age and the presence of ≥2 risk alleles from the two genes combined were associated with increased risks of progression across three cohorts, while smoking was non-significantly associated with this progression. Large total drusen area (highest compared with lowest quintile) contributed significantly to the risk of progression in each cohort. The presence of RPE abnormalities was significantly associated with increased risk of progression in the BMES and BDES but not the RS. Table 4 presents factors associated with progression to bilateral any AMD in pooled data. Progression was more commonly observed in the BMES compared with the BDES. Older age, smoking and carrying ≥1 risk allele from the CFH and ARMS2 were significantly associated with an increased risk of progression. Large total drusen area and RPE abnormalities also contributed significantly to an increased risk of progression. Figure 1 presents the ROC curve for bilateral any AMD using the multivariable-adjusted model shown in table 4. The AUC of this model was 0.79, improved by 0.02 from a model without genetic risk categories (0.77) and by 0.11 from an age-sex-adjusted model (0.68).
Progression to bilateral any AMD
Supplementary analyses using comprehensive gene-environment risk scores 23 found no additional improvement to the fully adjusted model in predicting progression to bilateral any AMD (data not shown). There was no meaningful difference in the association between these risk factors and progression to bilateral any AMD after inclusion of secular trend terms in the model, accounting for different detection timing of the unilateral cases (data not shown).
Progression to bilateral late AMD
Compared with participants who remained unilateral late AMD over 5 years, those who progressed to bilateral late AMD were older (table 1). However, there was no significant trend for age, smoking or genetic crude associations with this progression in separate or pooled cohorts (table 2) .
After adjustment, progression to bilateral late AMD was more commonly observed in the BMES compared with the BDES (table 4). The presence of ≥2 risk alleles from CFH and ARMS2 genes combined was associated with a high risk of progression. Increased serum total cholesterol was associated with a decreased risk.
DISCUSSION
We found that over a 5-year period, about 19-28% of unilateral any AMD cases progressed to bilateral, and 27-68% of unilateral late AMD cases progressed to bilateral in our three population-based cohorts. In addition to age and AMD genetic Table 1 Continued ‡p Trend calculated using Mantel-Haenszel χ 2 test for linear association. §Combined risk dichotomised as 0 or 1 risk allele of CFH or ARMS2 or 2 to 4 risk alleles of CFH and/or ARMS2. AMD, age-related macular degeneration; ARMS2, age-related maculopathy susceptibility 2 (risk allele T); CFH, complement factor H (risk allele C).
risk, smoking and early AMD lesion characteristics were associated with increased risk of progression from unilateral to bilateral involvement in 5 years.
The BDES population includes a younger age spectrum (age 44+ years) compared with the BMES (51+ years) and the RS (55+ years), which may explain why higher proportions of progression were observed in the BMES and RS than the BDES.
The 5-year incidence of late AMD in the fellow eye of unilateral late patients with AMD enrolled in a randomised clinical trial was 26% 9 which is similar to that found in the BMES and BDES (29% and 22%, respectively). 4 6 In the RS 5-year cumulative incidence of late AMD in the fellow eye was 39%. 8 The rates we report currently are greater as the mean age of participants are older than the mean age of the aforementioned samples at baseline, by including additional unilateral AMD cases detected at follow-up visits.
In addition to older age and AMD genetic risk, we documented that past or current smoking was significantly associated with increased risk of progression to bilateral any AMD in pooled analyses. Despite the heterogeneity in definitions, the contribution of smoking to the risk of developing any AMD in the second eye was evident when the sample size increased. The relatively small numbers of participants with unilateral late AMD in each individual population and in pooled data, or the narrow difference in smoking rates between participants with unilateral and bilateral late AMD are likely reasons for the lack of association of smoking with bilateral late AMD found in this report.
The inverse association between increased diastolic blood pressure and reduced risk of progression to bilateral any AMD is not readily explained. The inverse association between increased cholesterol level and reduced risk of progression to bilateral late AMD is not yet understood. Although elevated total cholesterol levels were found to be associated with a reduced incidence of neovascular AMD in a previous study, 20 the relationship between total cholesterol levels and AMD risk has been largely inconsistent. 12 24 25 Increasing severity levels of early AMD lesions in one eye were previously reported to be associated with increased incidence of AMD in the fellow eye. 10 We found drusen area to be the strongest predictor for progression to bilateral any AMD within 5 years.
An AUC of 0.79 and 0.77 for bilateral any AMD suggests that both full model and the model without genetic risk categories are satisfactory in distinguishing persons who will progress to bilateral involvement from those who will not. Previous studies found minimal improvement in AUC after including genetic information in prediction models. 23 26 Genetic testing in clinical practice is not supported by ours or other previous findings. 27 We assembled a large number of unilateral any AMD cases from the 3CC. Care has been taken to harmonise AMD grading, confirm late AMD cases across three cohorts, 17 and use uniformly the severity scale developed 11 in the 3CC. Limitations include small numbers of unilateral late AMD cases even after pooling, resulting in low power to assess modifiable risk factors. The cohort samples are mostly Caucasians of Northern and Western European descent, and the findings may not be applicable to other ethnic populations. In summary, 20-25% of unilateral any AMD cases, and up to 50% of unilateral late AMD cases on average, progressed to bilateral in 5 years. Of risk factors associated with the progression to bilateral involvement, only smoking is modifiable. The protective association between cholesterol level and bilateral late AMD warrant further investigation.
